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ABSTRACT 
 
Evapotranspiration (ET) is the combination of soil water evaporation and plant 
transpiration. ET is a vital component of a field water balance; however, accurate 
determination of ET is difficult. Indirect methods and direct methods are used to measure ET 
at the field scale. Typical indirect methods estimate ET with energy balance or field water 
balance measurement. One possible direct method for determining ET involves the use of 
canopy chambers. The objectives of this study are to construct a portable canopy chamber; to 
quantify the diurnal and seasonal trends of ET in three cropping systems; and to compare 
reference evaporation (Priestley-Taylor method), ET estimated from field water balance 
components (i.e., rainfall, soil water storage and drainage), and portable canopy chamber 
measured ET. Three cropping systems, including corn and soybean in a corn-soybean 
rotation and reconstructed prairie, were studied at the Comparison of Bio-fuel Systems 
(COBS) research site in central Iowa. Portable canopy chambers were used to measure ET in 
the different cropping systems during the part of growing season in 2013, and the whole 
growing season in 2014. Three different chamber sizes were used to match different crop 
growth stages. Data were collected on 18 days (i.e., maximum ET flux measurements, 
average ET flux measurements, and diurnal measurements) during the part of 2013 crop 
growing season and 15 days (diurnal measurements) during the 2014 crop growing season. In 
2013 (DOY 164 - 206 for corn and DOY 164 - 255 for prairie and soybean) the cumulative 
chamber measured ET values were less than half of the reference evaporation values, due to 
relatively dry soil conditions. In 2014 (DOY 156 - 261 for corn and DOY 156 - 277 for 
prairie and soybean), because of wet weather condition, cumulative chamber measured ET 
fluxes were 80% (corn), 70% (prairie), and 67% (soybean) of the reference evaporation, 
respectively. The cumulative chamber measured ET values were similar to the cumulative 
water balance estimated ET values for both growing seasons. The differences between 
chamber measured ET and reference evaporation were expected. However, the agreements 
between chamber measured ET and water balance estimated ET in both years provided 
strong evidence that the portable canopy chamber accurately measured field ET at the plot 
(m2) scale.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
This chapter includes a general introduction to evapotranspiration (ET), and it presents 
traditional analysis methods. The objectives of this study are stated. The final section of this 
chapter describes the organization of the thesis. 
 
Introduction to Evapotranspiration (ET) 
Evaporation (E) is the process of liquid water being converted to water vapor, which moves 
away from the evaporating surface. Transpiration (T) consists of the vaporization of liquid 
water contained in plant tissues and the vapor moves to the atmosphere, particularly through the 
leaf stomata. In short, evapotranspiration (ET) is the sum of evaporation and transpiration. Solar 
radiation, air temperature, air humidity and wind speed are the main climate parameters that 
influence ET. Soil water content, which relates to soil water movement, vapor transfer and soil-
root relationships, is another vital factor for ET (Allen et al., 1998; Campbell and Norman, 
1998).  
Transpiration occurs simultaneously with the photosynthetic gas exchange. Therefore, ET is 
widely considered in plant physiological studies (Grau, 1995). Some physiological studies focus 
on single leaf or small shoot scale, such as the behavior of stomata and the change of 
photosynthesis rate and photosynthetic gas exchange flux for various ambient conditions, i.e. 
temperature, humidity, photosynthetically active radiation (Wagner and Reicosky, 1992). At the 
field scale, ET is a valuable tool for evaluating plant water use and water stresses connected 
with management practices. ET can also serve as an indicator of plant water use efficiency and 
provide necessary information for conservation and use of field water resources (Wagner and 
Reicosky, 1992; Reicosky and Peters, 1977).  
ET is a key component of the field water balance in the soil-vegetation-atmosphere 
continuum (Yang et al., 2006), and it is a major sink of precipitation and irrigation, particularly 
in semiarid and arid farmland. Because of the large latent heat of vaporization of water, ET is 
also an important term in the soil surface energy balance (Gowda et al., 2011). With the change 
of climate and atmospheric conditions, obtaining soil-vegetation-atmosphere interactions, 
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especially the ET from the plant canopy layer becomes more important (IPCC, 2001; Burkart et 
al., 2007). Therefore, it is meaningful to measure the ET flux for different plant canopies. 
 
Measuring Evapotranspiration (ET) 
Indirect and direct methods have been used to quantify the ET flux. Indirect methods 
include the use of surface energy balance or water balance approaches (Livingston and 
Hutchinson, 1994; Baldocchi et al., 1996; Rana and Katerji, 2000; Bowen, I.S., 1926; Gowda et 
al., 2011). These methods calculate ET based on all the flux components, energy components 
and water distribution in the canopy layer and soil surface. However, for surface energy balance 
methods, large uniform areas are required to obtain stable and valid results, which may not be 
suited for typical agronomic plot measurements (Stewart, 1984).  
The field water balance method is based on the following equation 
𝐼 − 𝐷 − 𝑅 − 𝛥𝜃 × 𝐿 = 𝐸𝑇                                                [1.1] 
where 𝐼 is the input term, including precipitation and irrigation, 𝐷 is the amount of drainage, 𝑅 
is the amount of surface runoff (for flat surface runoff is assumed to be zero); 𝛥𝜃 × 𝐿 is the 
change of soil water storage, where 𝜃 is soil water content and 𝐿 is root zone thickness, and 𝐸𝑇 
is the evapotranspiration (Allen et al.1998). The aim of field water balance method is to 
quantify all components besides ET, and determine ET by the conservation of mass. Accurately 
monitoring the soil moisture change is one of the challenges of this method. Experiments show 
that for the field water balance method, low time resolution and time-lag are significant 
problems (Timlin et al., 2007). Low time resolution means the trend of water balance calculated 
ET can only be observed over a long time period, while time-lag means water balance estimated 
ET cannot respond quickly to the change of input or output, such as a rainfall event or a drought 
period. The major reasons are the root-soil interaction and soil and plant water capacity, which 
can buffer instantaneous variations of ET. Therefore, the field water balance method is suitable 
to represent a long time trend of ET, but not short time ET. 
A direct method may include equipment to obtain and isolate gas samples right from the 
plant surface, analyze the components of the gas samples, and determine the ET flux. A 
common strategy is to obtain gas samples from a control volume with a chamber. The history of 
using chambers to determine ET flux traces back to the 1930s (Thomas and Hill, 1937). There 
 3 
are many categories of chamber design. For plant physiology studies, leaf chambers are used to 
study the gas exchange flux; while canopy chambers are used to study ET fluxes at the whole 
plant scale. Compared with indirect methods, canopy chamber measurements do not require 
large uniform fields. Canopy chamber can also be classified as open or closed systems. In an 
open system, long time measurements can be applied. The difference of vapor concentration 
between inlet and outlet points are measured and used to determine ET fluxes. This 
measurement is restricted to several sample sites, and the portability of the open chamber is 
limited. Complex and expensive systems are needed to represent the climate inside the chamber, 
which should be similar to the outside of the chamber (Musgrave and Moss, 1961). However, 
differences, such as the transient change of diffuse radiation and soil surface gas exchange can 
hardly be avoided (Burkart et al., 2007). The closed chamber system is designed as a portable 
system, i.e., it can be transported among several sampling locations in the field, and rapid 
measurements are used to avoid chamber induced climate changes (Garrity et al., 1984; Wagner 
and Reicosky, 1992; Reicosky and Peters, 1977). Changes in water vapor concentration inside 
the chamber are measured to evaluate the ET flux. A rapid gas analysis method, such as an 
infra-red gas analyzer, is the major component of a closed chamber system. Chamber 
measurements are used to represent instantaneous values of ET. 
 
Objectives 
In this study, a closed chamber system and a water balance method are used to evaluate the 
transient and long term patterns of crop ET. The specific objectives of the study are: 
1. To construct a portable canopy chamber to measure field crop ET. Laboratory tests are 
used to verify the accuracy of the chamber.  
2. To quantify the diurnal and seasonal trends of ET in corn, soybean and prairie. A portable 
canopy chamber is used to measure ET of all three crops, however, when the corn exceeds 1.5 
meters in height, sap flow gages and micro-lysimeters are used to determine corn ET. 
3. To compare reference evaporation (RE), field water balance estimated ET, and portable 
canopy chamber measured ET. Reference evaporation is estimated from weather station data, 
and water balance estimated ET is estimated from field water balance components, i.e., soil 
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water storage, drainage and precipitation. The reference evaporation is determined with the 
Priestley-Taylor method. 
 
Organization of the Thesis 
Following this introduction chapter, the thesis is organized into three chapters. Chapter 2 
provides the materials and methods for the canopy chamber ET measurements. Chapter 3 
presents the results of laboratory and field measurements. Chapter 4 gives a general conclusion 
and future study topics. 
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CHAPTER 2. MATERIALS AND METHODS 
 
Design of Portable Canopy Chamber 
A portable canopy chamber was constructed with aluminum and iron framing and covered 
with “Mylar” film (clear polyester film of 0.003 inches thickness). The “Mylar” film is durable, 
resisting punctures and tears, and transparent of solar irradiance in visible spectrum (Musgrave 
and Moss, 1961). A LI-7500 open-path CO2 / H2O infra-red gas analyzer (LI-COR Biosciences 
Inc, Lincoln, NE) was mounted inside the chamber. The absolute mode of the LI-7500 was used 
to measure vapor concentrations inside of the chamber versus time (Steduto et al., 2002). The 
ET flux can be determined from the increasing water vapor concentration with time.  
Chamber height was managed to fit the canopy height. Three different heights of canopy 
chambers were designed to match different crop growth stages. A short chamber is more 
portable to be transported from one sample site to another sample site, while a large chamber 
had large capacity of water vapor for large ET flux and reduced the possibility for internal 
condensation occurring on the “Mylar” film. Therefore, it was suitable to use chambers of 
different heights to measure ET fluxes for different canopy heights. The sizes of the canopy 
chambers are provided in Table 2.1. 
 
Figure 2.1 Canopy chamber photograph 
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Table 2.1 Chamber Sizes 
 
Length (m) Width (m) Height (m) Volume (m3) 
Small 1.5 1.0 0.6 0.9 
Medium 1.5 1.0 1.0 1.5 
Large 1.5 1.0 1.6 2.4 
 
Other auxiliary sensors and devices were used to measure the chamber climate condition 
and the ambient climate condition, e.g., air temperature, solar irradiance, particular the 
photosynthetically active radiation (PAR), atmospheric pressure, and canopy temperature. The 
measured values are used to verify that the climate condition inside the chamber is similar to the 
ambient climate condition during one measurement. The air temperature inside of the chamber 
increases during measurements, because of the greenhouse effect of the chamber. Wagner and 
Reicosky (1992) reported that the leaf and air temperature can increase by 2 to 4
o
C, with the 
closure of stomata, but the ET and CO2 fluxes will not have a large instantaneous change during 
a short measurement (e.g., 1 minute). In order to monitor air temperature, four copper-
constantan thermocouples were mounted inside and outside of the chamber to measure air 
temperature difference, and two infra-red thermometers (IRT) were also mounted both inside 
and outside of the chamber to monitor for leaf temperature differences. Atmospheric pressure is 
another factor that may alter the ET flux. Lund et al. (1999) reported that even small pressure 
differences (~1 Pa) will alter the diffusion and advection of CO2 at the leaf-air interface and 
soil-air interface. Similar effects may also occur for ET measurements. In the portable canopy 
chamber, barometers were used to measure the air pressure inside and outside of the chamber, 
and a vent at a bottom corner of the chamber was connected to a tube with length about 1 meter 
inside the chamber. The vent was used to balance the air pressure inside and outside the 
chamber, while the tube was used to make sure the gas inside the chamber will not diffuse 
through the hole quickly during a measurement. Two LI-190SB quantum sensors (LI-COR 
Biosciences Inc, Lincoln, NE) were mounted inside and outside of the chamber to monitor for 
differences in PAR. However, this measurement may include some errors, since the inner LI-
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190SB quantum sensor cannot distinguish solar radiation from the diffusive radiation caused by 
the “Mylar” film (Steduto et al., 2002). Six to twelve fans were installed at bottom corners and 
upper corners of the different sized chambers to mix the chamber air volume. This design was 
to make sure the gas was fully mixed inside of the chamber. Although the fans may cause 
convection or turbulence at the leaf-air interface and soil-air interface, which may alter the ET 
flux, Steduto et al. (2002) reported that the influence was not significant. 
A LI-7550 interface unit was used to control the LI-7500 infra-red gas analyzer. It can make 
twenty measurements per second of vapor concentration. A CR-3000 micro-logger (Campbell 
Scientific Inc, Logan, UT) was used for the data collection and storage for all of the data of the 
sensors connected to the canopy chamber.  
 
Laboratory Tests 
The accuracy and stability of ET measurements with the portable canopy chambers were 
verified with a laboratory test. The objective of the laboratory test was to determine the 
accuracy and stability of chamber measurements. A constant evaporation flux was supplied with 
heaters and evaporation pans, and the mass change of the evaporation pans was measured with 
electronic balances. The mass change of the evaporation pans during one measurement is used 
to determine the evaporation flux.  
During a measurement, the initial mass of the evaporation pans was recorded. Then the 
canopy chamber was placed over the evaporation pans. When the canopy chamber measurement 
was complete, the final mass of the evaporation pans was recorded. Evaporation fluxes were 
determined by the canopy chamber method and by the mass balance method (or Δmass method).  
𝐸𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =
𝛥𝐶(𝐻2𝑂) × 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟 × 𝛥𝑡
 
[2.1] 
𝐸Δ𝑚𝑎𝑠𝑠 =
𝛥𝑚(𝐻2𝑂)
𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟 × 𝛥𝑡
 
[2.2] 
where 𝐸𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and 𝐸Δ𝑚𝑎𝑠𝑠 are the evaporation fluxes determined with the chamber and mass 
balance methods, 𝛥𝐶(𝐻2𝑂) is the vapor concentration difference of the chamber, 𝛥𝑚(𝐻2𝑂) is 
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the water mass difference of the evaporation pan, 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is the chamber volume, 𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is 
the chamber footprint area, and 𝛥𝑡 is the total measurement time. 
The results of these two methods were compared to verify the accuracy of the portable 
canopy chamber. The same experiment was repeated more than 50 times at different 
evaporation fluxes for the small, medium and large chambers to verify the accuracy and stability 
of the chamber measurements. 
 
Field Chamber Measurements 
Field measurements were performed at the Iowa State University COBS (Comparison of 
Bio-fuel Systems) research site near Ames, IA. The COBS field was established in 2008, and 
there are 24 plots and 6 cropping systems. The 6 zero-till cropping systems studied include 
corn-soybean, soybean-corn, corn-corn, and corn-corn with winter rye (Secalecereale) cover 
crop, reconstructed mixed prairie (C3 grasses, C4 grasses, legumes, and multi-functional group 
mixtures), and fertilized reconstructed mixed prairie (Jarchow et al., 2012; Jarchow and 
Liebman, 2012a; Jarchow and Liebman, 2012b).  
Canopy chamber ET measurements were focused on three crops, corn in corn-soybean 
rotation (4 plots), soybean in corn-soybean rotation (4 plots), and reconstructed mixed prairie (4 
plots). The corn-soybean rotation system is the most common cropping system in the Midwest. 
The mixed prairie includes several native plants in Iowa. Those three crops were selected to 
study the effect of ET and field water properties in case of land conversion from a corn-soybean 
rotation system to a reconstructed mixed prairie system.  
The canopy chamber ET measurements were taken at selected times during the part of the 
growing season in 2013, and the whole growing season in 2014. During 2013, maximum ET 
flux measurements (once per day) or average ET flux measurements (twice per day) were taken 
on 16 selected days. Diurnal changes of ET were measured on DOY 179 (Jun. 28) and DOY 
241 (Aug. 29). Therefore, the total canopy chamber measured ET data were collected on 18 
days. During 2014, several measurements per day were made on 15 selected days to capture the 
diurnal changes of ET.  
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Sap-flow System and Micro-lysimeter Measurements 
A sap-flow system and micro-lysimeter measurements were used in the corn plots when the 
height of the corn canopy exceeded the height of the largest chamber (1.6 m). The sap-flow 
system was used to measure corn transpiration (T) flux with stem gages. Thermocouples 
installed in the gages measured the stem temperature at the bottom end and upper end of the 
gages, and the temperature difference corresponded to the convective heat flow. The T flux in 
the stem was determined using the convective heat flow (Baker and van Bavel, 1987). Micro-
lysimeters were used to determine the evaporation (E) flux from soil surface. Micro-lysimeters 
with sealed bottoms were installed into the soil; the initial mass of each micro-lysimeter was 
recorded, and after 24 hours, each micro-lysimeter was weighted again. The mass change of a 
micro-lysimeter equaled to the water loss from the micro-lysimeter, and it was used to 
determine E flux. A combination of sap-flow values and micro-lysimeter values was used to 
determine the corn ET flux. 
The sap-flow systems were applied in one row near the chamber measurement site. Sap-
flow gages were installed on five corn plants per plot. The sap-flow systems were controlled 
automatically by Campbell CR-10X and Campbell CR-5000 data loggers. The power was 
supplied by solar panels. The systems were started at 4:00 a.m. and stopped at 10:00 p.m. each 
day. The sap-flow system measured T flux every 30 minutes.  
The micro-lysimeters were installed in the same row as the sap flow measurement system in 
each corn plot. Five micro-lysimeters were used in each plot. Mass changes represented daily E 
flux. 
 
Soil Moisture, Weather Data and Drainage 
The soil water content in each plot was measured with 5TE or 5TM moisture and 
temperature sensors (Decagon Devices Inc. Pullman, WA). Five moisture sensors were installed 
for each plot at depths of 5 cm, 10 cm, 18 cm, 30 cm, and 50 cm, respectively. The depth-
weighted average soil water content in the 0-60 cm soil layer was computed based on the 
moisture sensor values. The weather data, including wind speed, solar irradiance and 
precipitation, were collected at the COBS site weather station. Drainage values were measured 
by subsurface drains installed 1 meter deep in the center of each plot (Daigh et al., 2014). 
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Precipitation data, drainage data and changes in soil water content were used to evaluate the 
field plot water balance. 
 
Reference Evaporation (RE) 
The reference evaporation (RE) at the COBS site was calculated with the Priestley and 
Taylor, (1972) model. It represents the ET flux from a well-watered short grass field. 
                                                     𝜆𝐸𝑟 = 𝛼 [
𝑠
𝑠+𝛾
] (𝑅𝑛 − 𝐺)                                              [2.3] 
where 𝜆𝐸𝑟 is the potential latent heat flux density; 𝑠 is slope of the saturation vapor pressure 
curve; 𝛾 is the psychrometric constant; 𝜆 is the vaporization latent heat of water; 𝛼 is a constant 
generally taken as 1.26. 𝑅𝑛 is the net radiation, and 𝐺 is the ground heat flux. Using Eq. [2.3] 
with weather data, the RE, i.e., 𝐸𝑟, can be obtained. In central Iowa, the net radiation 𝑅𝑛 and the 
solar irradiance 𝑅 have the following relationship 
𝑅𝑛 = 0.87 × 𝑅 − 82 
and the ground heat flux is assumed to equal 10% of 𝑅𝑛 (Shaw, 1956; Sauer et al. 2007). 
 
Analysis of Chamber Measurements 
 In this section, we discuss the calculation steps for converting the chamber measured data, 
i.e., the vapor concentration, to the ET flux. We also present the steps to describe the diurnal 
change of ET flux and the calculation for the diurnal change of ET. 
 
ET Calculation for a Single Set of a Canopy Chamber 
The direct measured data from the chamber LI-7500 is the vapor concentration, and during 
one measurement, a sequence of data includes vapor concentration with time. The measured 
data must be analyzed to determine the ET flux from the sequence of vapor concentration. 
Linear regression (LR, or concentration regression, CR) and quadratic regression (QR) of the 
vapor concentration versus time data can be used to determine ET flux. We use the QR method, 
because it better fits the data than LR method.  
The calculation steps for the QR method are straightforward. The regression model of the 
QR method is 
                                                         𝐶 = 𝑎𝑡2 + 𝑏𝑡 + 𝑐                                                    [2.4] 
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where 𝑡 is the sampling time, 𝐶 is the water vapor concentration, and 𝑎, 𝑏, 𝑐 are fitted 
parameters. The slope of the water vapor concentration curve at initial time 𝑡 = 0 is 
                                              
𝑑𝐶
𝑑𝑡
|
𝑡=0
= (2𝑎𝑡 + 𝑏)𝑡=0 = 𝑏                                                 [2.5] 
Using 𝑑𝐶/𝑑𝑡 at 𝑡 = 0 to determine ET flux provides an advantage. It determined the 
instantaneous ET flux when the sample site is first covered by the chamber.  
Combining Eqs. [2.1] and [2.5] allows the ET flux to be determined as 
                                      𝐸𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =
𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝑏 =
𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟
×
𝑑𝐶
𝑑𝑡
|
𝑡=0
                                [2.6]  
where 𝐸𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is the ET flux, 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is the volume of the canopy chamber, and 𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is 
the area of the chamber footprint. 
 
Diurnal Measurement Results 
A Fourier series can be used to represent the trend of diurnal ET flux values. A Fourier 
series can have the following form 
         𝐸𝑇 = 𝐴1 sin
𝜋
𝑇
𝑡 +  𝐴2 sin
2𝜋
𝑇
𝑡 + ⋯ + 𝐴𝑘 sin
𝑘𝜋
𝑇
𝑡 + ⋯ = ∑ 𝐴𝑘 sin
𝑘𝜋
𝑇
𝑡∞k=1               [2.7] 
Fitting Eq. [2.9] to the observations with a least squares method, and taking the first 𝐾 
components, a finite Fourier series has the following form:  
                                                   𝐸𝑇 = ∑ 𝐴𝑘 sin
𝑘𝜋
𝑇
𝑡Kk=1   
The daily ET value is obtained by determining the integral of the measured ET flux with 
time using the trapezoid rule. The field ET data are first smoothed using the median number for 
the four nearest ET data points, and the average value of time is taken for the corresponding 
data points. Then the data set can be represented as a sequence of paired values, where the first 
value represents the time average, and the second value represents the median of ET flux, i.e. 
(𝑡?̅?, 𝐸?̂?𝑖), where 𝑖 = 1,2, … , 𝑁, and 𝑁 is the number of data pairs. The cumulative ET between 𝑡?̅?, 
and 𝑡?̅?+1 can be determined with the trapezoid rule. 
                                         𝐸𝑇𝑐𝑢𝑚𝑢 =
1
2
(𝐸?̂?𝑖 + 𝐸?̂?𝑖+1)(𝑡?̅?+1 − 𝑡?̅?)                                      [2.8] 
The sunrise point is set as (𝑡0̅, 𝐸?̂?0 = 0), and the sunset point is set as (𝑡?̅?+1, 𝐸?̂?𝑁+1 = 0). Then 
the daily cumulative ET can be calculated as 
                                         𝐸𝑇𝑑𝑎𝑖𝑙𝑦 = ∑
1
2
(𝐸?̂?𝑖 + 𝐸?̂?𝑖+1)(𝑡?̅?+1 − 𝑡?̅?)
𝑁
𝑖=0                                      [2.9] 
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CHAPTER 3. RESULTS AND DISCUSSION 
 
Analysis and Test of Chamber Measurements 
In this section, we show the results of the laboratory tests and an example of diurnal 
measurements. 
 
Example for a Single Canopy Chamber Measurement 
 
Figure 3.1 A single canopy chamber measurement result on DOY 136, 2014, at 7:00 a.m. 
The measured water vapor concentration, the linear regression (LR) fitted result, and the 
quadratic regression (QR) fitted result are shown. 
 
An example chamber measurement is presented in Fig. 3.1. This measurement was taken in 
the field on DOY 136, 2014 at 7:00 a.m. The measured water vapor concentration is plotted 
versus sampling time, and twenty samples were taken per second. The ET flux can be calculated 
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with the change of the measured water vapor concentration, i.e., the slope of the vapor 
concentration curve shown in Fig. 3.1. A linear regression (LR) fit and a quadratic regression 
(QR) fit to the data are shown in Fig. 3.1. The figure indicates that QR fits the water vapor 
concentration curve better than the LR method, because as sampling time increased, the water 
vapor concentration curve became flatter. Inside the chamber, as the ET flux continues, the 
water vapor concentrations increases, and the water vapor concentration gradient between air 
and plant leave surface decreases. Increasing water vapor concentrations can cause the stomata 
to close, which reduces the plant transpiration flux (Wagner and Reicosky, 1992). Therefore, we 
selected the slope at time zero of QR as the way to determine initial ET flux within the closed 
chamber. 
 
Laboratory Test of the Chamber Measurement 
 
Figure 3.2 The laboratory test results and the tested ET ranges for small,  
medium and large chambers. 
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The laboratory test results are presented in Fig. 3.2. For the small chamber, the chamber 
measured values and mass balance estimated values match the 1:1 line for ET from 0 to 0.40 
mm/h. For both medium chamber and large chamber, the chamber measured values and mass 
balance estimated values match the 1:1 line for ET from 0 to 0.85 mm/h.  
These laboratory test ranges (0 - 0.40 mm/h for the small chamber and 0 - 0.85 mm/h for 
medium and large chambers) cover the ET ranges at the COBS field. The small chamber was 
used in the field for the measurement of bare soil or for crops in the early growing season when 
the ET flux did not exceed 0.30 mm/h. The medium chamber was used in the field for middle 
growing season when ET flux does not exceed 0.55 mm/h. The large chamber was used in the 
field for late growing season when ET flux did not exceed 0.80 mm/h.  
In summary, the entire laboratory test results from the small, medium and large chambers 
matched the results from the mass balance method along the 1:1 line. The laboratory test results 
provided evidence that the small, medium and large chambers were able to obtain accurate 
results in field measurements. 
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Diurnal Canopy Chamber Measurement Results 
 
Figure 3.3 The diurnal canopy chamber results for 20 June 2014 (DOY 171). The original 
ET fluxes (points) and fitted curves with Fourier series are shown for corn, prairie and 
soybean. 
 
An example of diurnal canopy chamber ET results is presented in Fig. 3.3. The 
measurements were taken in the field on 20 June 2014 (DOY 171). For each cropping system, 
the diurnal trend of ET flux showed an increase from sun rise to solar noon. And between solar 
noon and sunset, the ET flux decreased. The finite Fourier series fits are also shown in Fig. 3.3. 
The finite Fourier series fits are able to capture the diurnal trends of the ET flux for all three 
crops. In this example, the daily cumulative ET for the crops can be estimated by integrating the 
finite Fourier series curves. The daily cumulative ET for corn, prairie and soybean are 3.99 mm, 
4.44 mm and 3.08 mm, respectively.  
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Field Measurements in 2013 
In this section, we show the field measurements during the 2013 measuring period, i.e., 13 
June to 12 September (DOY 164 to DOY 255), which is a portion of the growing season. We 
first present the reference evaporation (RE), and then we show the water balance estimation. 
The chamber measured ET is compared with RE and water balance estimated ET.  
 
Reference Evaporation (RE) in 2013
 
Figure 3.4. (a).Cumulative solar radiation from 13 June 2013 to  
12 September 2013 (DOY 164 to DOY 255) 
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Figure 3.4. (b). Vapor pressure deficit from 13 June 2013 to 12 September 2013 
(DOY 164 to DOY 255) 
 
Figure 3.4. (c). Cumulative reference evaporation from 13 June 2013 to 12 September 2013 
(DOY 164 to DOY 255) 
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The RE results for part of the growing season in 2013, i.e., from 13 June to 12 September 
(DOY 164 to DOY 255) are shown. Figure 3.4-(a) shows the cumulative solar radiation, which 
represents the energy input. Figure 3.4-(b) shows the vapor pressure deficit. Figure 3.4-(c) 
shows the cumulative RE. Over the measurement period, the cumulative solar radiation 
was 2038 MJ m−2, the average vapor pressure deficit was 1.31 KPa (with standard deviation 
0.43 KPa), and the cumulative RE was 493 mm. The trends of the curves in Figs. 3.4-(a) and (c) 
are similar, and the input energy is a main factor that control RE. 
 
Field Water Balance Estimation in 2013 
 
Figure 3.5. (a).Cumulative precipitation from 13 June 2013 to 
12 September 2013 (DOY 164 to DOY 255). 
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Figure 3.5. (b). Field water content and rainfall event  
from 13 June 2013 to 12 September 2013 (DOY 164 to DOY 255). 
 
Figure 3.5. (c). Cumulative drainage and rainfall event 
 from 13 June 2013 to 12 September 2013 (DOY 164 to DOY 255). 
 20 
 
Figure 3.5. (d) Water balance estimated ET from 13 June 2013  
to 12 September 2013 (DOY 164 to DOY 255). 
 
Figure 3.5. (e) The comparison of average total precipitation for 27 years (1986~2012) and 
total precipitation in 2013 during measurement period. 
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The cumulative precipitation, the change of field water content, the cumulative drainage, 
and cumulative water balance estimated ET during the 2013 measurement period are presented 
in Fig. 3.5-(a) to (d). Cumulative RE data are presented in Fig. 3.5-(d) as a reference value to 
compare with the water balance estimated ET. Figure 3.5-(e) shows the comparison of average 
total precipitation for 27 years (1986~2012) and the total precipitation in 2013 in the 
measurement period. 
In 2013, the total precipitation during the measurement period was 149 mm, and only four 
large precipitation events were recorded, which are represented as four jumps in the cumulative 
precipitation curve in Fig. 3.5-(a). Based on the weather for the past 27 years, the average total 
precipitation during that period was 326 ± 32 mm. Thus, the measurement period in 2013 
received less than half of the average rainfall. 
The cumulative RE in the measurement period was 493 mm, which was much higher than 
the cumulative water balance estimated ET for corn (216 mm), prairie (205 mm) and soybean 
(187 mm). Except for precipitation events, the water content decreased during the measurement 
period and the cumulative drainage was less than 20 mm for the crops. Therefore, the field 
water balance components indicate drought condition in 2013, and limited water was available 
for ET. As a result, a deficit in available soil water was an important limitation for ET fluxes in 
2013. 
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Chamber Measurements in 2013 
 
Figure 3.6. The cumulative chamber measured ET for corn, prairie and soybean from DOY 
164 to DOY 206 (for corn) and DOY 164 to DOY 255 (for soybean and prairie) in 2013. 
 
Figure 3.6 presents the cumulative chamber measured ET for corn from 13 June (DOY 164) 
to 25 July (DOY 206). After DOY 206, the height of corn exceeded 1.6 m and corn no longer fit 
into the large chamber. The prairie and soybean ET was measured with chambers from 13 June 
(DOY 164) to 12 September (DOY 255). The cumulative chamber measured ET for corn, 
prairie and soybean were 88 mm (DOY 164 - 206), 225 mm and 239 mm (DOY 164 - 255), 
respectively. In the early growing season, the perennial mixed prairie had the largest ET, and 
the corn ET was larger than the soybean ET. In the middle growing season, the ET of prairie 
was larger than soybean. In the late growing season, the ET of soybean exceeded the prairie ET. 
However, the difference between the cumulative ET of prairie and the cumulative ET of 
soybean was small (14 mm).  
Early in the growing season, rainfall was plentiful resulting in more soil available water. 
Prairie began to grow earlier than the corn and soybean. Hence, the prairie tended to use more 
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soil available water than corn and soybean. In the middle and late growing seasons, rainfall 
diminished and the total available water for ET was limiting, thus, the cumulative ET for prairie 
and soybean were similar. 
The shaded areas along the curves in Fig. 3.6 represent one standard deviations. Throughout 
the 2013 measurement period, the error regions overlap on each other. Therefore, differences in 
chamber measured ET among the three crops, is not significant. 
 
Comparison of the Three ET Methods in 2013 
 
Figure 3.7. The comparison among RE, water balance estimated ET, and chamber 
measured ET for corn (a) from DOY 164 to DOY 206. 
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Figure 3.7. The comparison among the RE, water balance estimated ET and chamber 
measured ET for prairie (b) from DOY 164 to DOY 255. 
 
Figure 3.7. The comparison among the RE, water balance estimated ET and chamber 
measured ET for soybean (c) from DOY 164 to DOY 255. 
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The results of field ET measurements are listed in Table 3.1. 
 
Table 3.1 Cumulative ET in 2013 (mm) 
 
DOY 164 - 206 
 
DOY 164 - 255 
 
RE Water Balance Chamber 
 
RE Water Balance Chamber 
Corn 248 130 88 
 
- - - 
Prairie 248 135 92 
 
490 205 225 
Soybean 248 117 75 
 
490 187 239 
 
Figure 3.7-(a), (b) and (c) show the comparison of cumulative RE, cumulative water balance 
estimated ET and cumulative chamber measured ET, for corn from DOY 164 to DOY 206, and 
for prairie and soybean from DOY 164 to DOY 255. The cumulative RE was larger than the 
cumulative water balance estimated ET and cumulative chamber measured ET. The cumulative 
water balance estimated ET was larger than the chamber measured ET. Table 3.1 indicates that 
at DOY 206, the water balance estimated ET was 42 mm larger than chamber measured ET for 
all three crops. During the late growing season, the cumulative chamber measured ET became 
similar to the cumulative water balance estimated ET. From Table 3.1, the difference between 
water balance method and chamber method was just 20 mm for prairie. However, the difference 
between the two methods for soybean was 52 mm, which was due to a non-response pf the soil 
moisture sensor following a rain of 52 mm on DOY 223. The flat pattern of the cumulative 
water balance estimated ET for soybean after DOY 223 was due to the limited of measuring 
depth of the soil moisture sensors. Based on the results, the chamber and field water balance 
method provided similar ET over a 3-month period. The field water balance method is mostly 
suitable for long time measurements, while the chamber measured ET values are useful for 
short term period (instantaneousness) and long term period (season). 
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Field Measurements in 2014 
In this section, we show the field measurements covering the whole 2014 growing season, 
i.e. 5 June to 4 October (DOY 156 to DOY 277). We first present the reference evaporation 
(RE), and the water balance estimated ET. The chamber measured ET will be presented and 
compared with RE and water balance estimated ET.  
 
Reference Evaporation (RE) in 2014 
 
Figure 3.8. (a).Cumulative solar radiation from 5 June 2014 to 4 October 2014  
(DOY 156 to DOY 277) 
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Figure 3.8. (b). Vapor pressure deficit from 5 June 2014 to 4 October 2014  
(DOY 156 to DOY 277) 
 
Figure 3.8. (c). Cumulative reference evaporation from 5 June 2014 to 4 October 2014 
(DOY 156 to DOY 277) 
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Figure 3.8-(a) shows the cumulative solar radiation, Fig. 3.8-(b) shows the cumulative vapor 
pressure deficit, and Fig. 3.8-(c) shows the cumulative RE from 5 June to 4 October September 
(DOY 156 to DOY 277) 2014. By the end of the measurement period, the cumulative solar 
radiation was 2223 MJ m−2, the average vapor pressure deficit was 0.74 KPa (with standard 
deviation 0.42 KPa), the cumulative RE was 499 mm.  
Table 3.2 lists the solar radiation, vapor pressure and RE deficit results in 2013 and 2014. In 
order to make a comparison, the measurement period was selected to be the same as in 2013. 
The results represent DOY 164 to DOY 255. The cumulative solar radiation in 2014 was 307 
MJ m−2 less than in 2013. The mean daily vapor pressure deficit was 0.57 KPa smaller in 2014 
than in 2013. The RE in 2014 was 98 mm less than in 2013. The differences indicate that the 
driving forces of evaporation, i.e. solar radiation and vapor pressure deficit, were smaller in 
2014 than in 2013. 
 
Table 3.2 The Comparison of Cumulative solar radiation, vapor pressure deficit, and RE 
during 2013 and 2014 measuring period. 
Measuring Period 
Cumulative Solar 
Radiation (MJ m−2) 
Vapor Pressure 
Deficit (KPa) 
RE (mm) 
2013 DOY 164 - 255 2038 1.31 493 
2014 DOY 164 - 255 1731 0.74 395 
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Field Water Balance Estimation in 2014 
 
Figure 3.9. (a). Cumulative precipitation from 5 June 2014 to 4 October 2014  
(DOY 156 to DOY 277). 
 
Figure 3.9.  (b). Field water content and rainfall event  from 5 June 2014 to 4 October 2014 
(DOY 156 to DOY 277). 
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Figure 3.9. (c). Cumulative drainage and rainfall event 
 from 5 June 2014 to 4 October 2014 (DOY 156 to DOY 277). 
 
Figure 3.9. (d) Water balance estimated ET  
from 5 June 2014 to 4 October 2014 (DOY 156 to DOY 277). 
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Figure 3.9. (e) The comparison of average total precipitation for  
27 years (1986~2012) and total precipitation in 2014 for the measurement period. 
 
The cumulative precipitation, the change of field water content, the cumulative drainage, 
and cumulative water balance estimated ET during the 2014 measurement period are presented 
in Fig. 3.9-(a) to (d). The RE data is used as a reference for comparison with the water balance 
estimated ET. Figure 3.9-(e) shows a comparison of average precipitation for 27 years 
(1986~2012) and precipitation in 2014 in the measurement period. 
In 2014, the precipitation was 601 mm, and it was distributed evenly throughout the 
growing season, so the cumulative precipitation curve in Fig. 3.5-(a) increased smoothly.  
The cumulative RE in the measurement period was 499 mm, and the cumulative water 
balance estimated ET values for corn, prairie and soybean were 381 mm, 381 mm, and 358 mm, 
respectively. The differences between RE and cumulative water balance estimated ET were 
smaller in 2014 than 2013. Because there was plenty of the precipitation in 2014, the water 
content decreased in the early measurement period and increased by the end of the measuring 
period. The differences between the initial water contents and final water contents for the three 
crops were small. The cumulative drainage values were 200 to 250 mm, which was much higher 
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than the drainage values in 2013. In addition, based on the weather condition for the past 27 
years, the average total precipitation during that period was 408±39 mm. Thus, the 
measurement period in 2014 was wetter than average growing season. 
 
Chamber Measurements in 2014 
 
Figure 3.10. The cumulative chamber measured ET for corn, prairie and soybean from DOY 
156 to DOY 261 (for corn) and DOY 156 to DOY 277 (for soybean and prairie) in 2014. The ET 
values measured with sap-flow systems and micro-lysimeters for corn after DOY 212 was 
presented with a dashed line. 
 
Figure 3.10 presents the cumulative chamber measured ET for corn from 5 June (DOY 156) 
to 18 September (DOY 261). After 31 July (DOY 212), the height of corn exceeded 1.6 m and 
corn did not fit in the large chamber. After 31 July, the sap-flow system and micro-lysimeters 
were used to continuously determine corn ET flux. The prairie and soybean ET was measured 
with chambers from 5 June (DOY 156) to 4 October (DOY 277). The cumulative chamber 
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measured ET for corn, prairie and soybean were 362 mm (DOY 261), 340 mm and 323 mm 
(DOY 277), respectively.  
In the early growing season, the prairie had the largest ET. The reason is that prairie began 
to grow earlier than the corn and soybean, and in early growing season. Hence, the prairie was 
able to use more soil available water early due to large ET flux compared to corn and soybean. 
In the middle growing season, corn consumed more soil available water than the other crops. 
The cumulative ET of corn exceeded the prairie ET, and the soil water content in the corn plots 
(Fig. 3.9-(b)) reached the minimum value. The cumulative chamber measured ET for soybean 
was the smallest throughout the 2014 measuring period, which was consistent with the results in 
Fig. 3.9-(b) and (c) that soybean plots had relatively large soil water contents and high drainage. 
The shaded area along the curves in Fig. 3.10 represents one standard deviation error region. 
On DOY 261, the error region for corn did not overlap the error regions of the other crops, 
which indicates that the chamber measured ET for corn is significantly larger than the ET for 
soybean and prairie. However, at DOY 277, the error regions of soybean and prairie overlap. 
Thus, there is no statistically significant difference between the chamber measured ET for 
prairie and the chamber measured ET for soybean. 
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Comparison of the Three ET Methods in 2014 
 
Figure 3.11. The comparison among RE, water balance estimated ET, and chamber measured 
ET for corn (a) from DOY 156 to DOY 261,  
 
Figure 3.11. The comparison among RE, water balance estimated ET, and chamber measured 
ET for prairie (b) from DOY 156 to DOY 277. 
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Figure 3.11. The comparison among RE, water balance estimated ET, and chamber 
measured ET for soybean (c) from DOY 156 to DOY 277. 
 
The results of field ET measurements are listed in Table 3.3. 
 
Table 3.3 Cumulative ET in 2014 (mm) 
 
DOY 156 - 261 
 
DOY 156 - 277 
 
RE Water Balance Chamber 
 
RE Water Balance Chamber 
Corn 455 344 362 
 
- - - 
Prairie 455 344 320 
 
499 381 340 
Soybean 455 315 305 
 
499 358 323 
 
Figure 3.11-(a), (b) and (c) show the comparison of cumulative RE, cumulative water 
balance estimated ET and cumulative chamber measured ET, respectively, for corn from DOY 
156 to DOY 261, and for prairie and soybean from DOY 156 to DOY 277. The cumulative RE 
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was larger than the cumulative water balance estimated ET and cumulative chamber measured 
ET during the 2014 measuring period. Figure 3.11 also indicates that the cumulative water 
balance estimated ET matched the chamber measured ET. One dominant reason for the 
oscillations in the cumulative water balance estimated ET was due to noise in the daily change 
of soil water content. However, over a long period, it is obvious that the water balance ET and 
the chamber ET followed the same trend.  Table 3.3 indicates the difference between chamber 
measured ET and water balance estimated ET by the end of the growing season was 20 to 35 
mm.  
Comparing Fig 3.11 and Fig. 3.7, it is shown that during the dry growing season of 2013, 
although the results of water balance method and chamber method were similar by the end of 
the measuring period, the trends of both methods were different. However, in the wet growing 
season of 2014, the trends and the final ET values for the two field methods were similar. Thus, 
there was more agreement between the water balance method and the chamber method in the 
wet growing season than in the dry growing season. 
A comparison between the canopy chamber measurements and the flux tower method 
(located at the Brooks field site near Ames, IA, northeast of the COBS research site) provides 
further evidence for the accuracy of the chamber measured ET for soybean. The flux tower uses 
an eddy covariance method to estimate ET. In 2013, the chamber measured cumulative soybean 
ET was 239 mm, and the flux tower measured cumulative soybean ET was 231 mm. In 2014, 
the chamber measured cumulative soybean ET was 323 mm, and the flux tower measured 
cumulative soybean ET was 316 mm (data are provided in the appendix). The close agreement 
between flux tower ET and portable canopy chamber ET gives further evidence to the accuracy 
of the canopy chamber method in field measurements. 
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CHAPTER 4. GENERAL CONCLUSION 
 
Based on laboratory test results, the canopy chamber measured ET fluxes closely matched 
the mass balance ET fluxes. The portable canopy chamber is a rapid and accurate approach to 
measure ET flux. The portable canopy chamber is able to measure diurnal trends of ET and it 
can estimate the seasonal ET fluxes for corn, prairie and soybean. The field water balance 
estimated ET values were similar to the chamber measured ET values during a dry growing 
season (2013) and a wet growing season (2014). As a conclusion, the portable canopy chamber 
is shown to accurately measure field ET at the plot (m2) scale. 
 
Potential future study topics are as follows: 
1. Crop physiological factors, such as plant height, leaf area and root density, were not 
measured throughout the growing season. It will be meaningful to combine these factors with 
chamber ET values, and determine a relationship of ET with weather data and plant growth 
stages. 
 2. The measurement of soil moisture was limited by the measurement depth, and surface 
runoff was not considered. In order to improve the field water balance calculations, the 
measurement depth of soil moisture should be extended to 1 m, and a separate runoff 
measurement should be made. 
 3. After corn plants height exceeded the height of the canopy chamber, the sap flow system 
and micro-lysimeter were used. It would be interesting to build a taller chamber that can be used 
to measure corn ET during the whole growing season, and to compare chamber measurements 
with sap-flow and micro-lysimeter measurements. 
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APPENDIX A. FIELD WATER BALANCE CALCULATIONS 
 
Table A.1. Field Water Balance Components for 2013 (mm) 
Field Water Balance Components for 2013 (mm) 
DOY Precipitation 
Water Content Change  
 
Drainage 
 
Cumulative ET 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
164 0.0 -0.3 -3.2 0.9 
 
0.1 0.0 0.1 
 
-1.2 1.9 -1.2 
165 13.5 5.1 7.9 2.5 
 
0.1 0.0 0.1 
 
5.6 6.0 9.5 
166 8.6 -0.8 0.8 -0.5 
 
0.1 0.0 0.1 
 
13.5 12.5 18.3 
167 0.0 -0.9 -3.1 0.5 
 
0.1 0.0 0.1 
 
13.0 14.3 17.4 
168 0.0 -1.2 -2.8 0.4 
 
0.0 0.0 0.0 
 
13.3 16.2 16.9 
169 0.0 -1.3 -2.5 3.1 
 
0.0 0.0 0.0 
 
13.8 17.8 13.7 
170 0.0 -0.8 -2.2 -0.3 
 
0.0 0.0 0.0 
 
13.6 19.2 13.8 
171 0.0 -0.1 -1.9 -0.3 
 
0.0 0.0 0.0 
 
13.5 20.8 14.1 
172 0.8 0.2 -3.2 -0.5 
 
0.0 0.0 0.0 
 
13.7 24.6 15.4 
173 0.0 0.2 -3.3 -0.6 
 
0.0 0.0 0.0 
 
13.3 27.6 16.0 
174 3.6 -0.7 -2.4 -1.1 
 
0.0 0.0 0.0 
 
17.3 33.3 20.6 
175 13.5 4.6 15.3 3.6 
 
0.0 0.0 0.0 
 
25.3 30.6 30.5 
176 11.9 4.4 8.8 6.5 
 
0.0 0.0 0.0 
 
32.0 32.9 35.9 
177 2.3 -2.2 -4.1 -3.1 
 
0.0 0.0 0.0 
 
35.6 38.5 41.3 
178 0.3 -2.2 -4.0 -5.9 
 
0.0 0.0 0.0 
 
37.8 42.5 47.5 
179 0.0 -2.2 -3.9 -2.7 
 
0.0 0.0 0.0 
 
39.8 46.1 50.2 
180 2.3 -2.2 -3.9 -2.7 
 
0.0 0.0 0.0 
 
44.0 51.9 55.2 
181 0.0 -2.0 -3.8 -2.6 
 
0.0 0.0 0.0 
 
45.8 55.3 57.8 
182 0.0 -1.7 -3.7 -2.5 
 
0.0 0.0 0.0 
 
47.5 58.9 60.3 
183 0.0 -1.6 -3.6 -1.1 
 
0.0 0.0 0.0 
 
49.0 62.5 61.4 
184 0.0 -1.5 -3.5 -0.6 
 
0.0 0.0 0.0 
 
50.5 66.0 62.0 
185 0.0 -1.5 -3.4 -0.9 
 
0.0 0.0 0.0 
 
52.1 69.4 62.9 
186 0.0 9.1 -3.3 -1.2 
 
0.0 0.0 0.0 
 
43.0 72.7 64.1 
187 0.0 -3.9 -3.2 -1.4 
 
0.0 0.0 0.0 
 
46.9 75.9 65.5 
188 2.0 -4.1 -3.1 -1.6 
 
0.0 0.0 0.0 
 
53.0 81.1 69.1 
189 0.0 -4.2 -3.0 -1.7 
 
0.0 0.0 0.0 
 
57.2 84.1 70.9 
190 1.5 -4.2 -2.9 -1.8 
 
0.0 0.0 0.0 
 
62.9 88.6 74.2 
191 0.0 -11.2 -2.8 -1.9 
 
0.0 0.0 0.0 
 
74.1 91.4 76.1 
192 0.0 -3.2 -2.8 -1.9 
 
0.0 0.0 0.0 
 
77.3 94.2 78.0 
193 0.0 -3.2 -2.7 -1.9 
 
0.0 0.0 0.0 
 
80.5 96.8 80.0 
194 0.0 -3.1 -2.6 -1.9 
 
0.0 0.0 0.0 
 
83.6 99.4 81.9 
195 0.0 -3.0 -2.5 -1.9 
 
0.0 0.0 0.0 
 
86.7 101.9 83.8 
196 0.0 -3.0 -2.4 -1.8 
 
0.0 0.0 0.0 
 
89.6 104.3 85.6 
197 0.0 -2.8 -2.3 -1.8 
 
0.0 0.0 0.0 
 
92.4 106.6 87.4 
198 1.5 -2.7 -2.2 -1.7 
 
0.0 0.0 0.0 
 
96.7 110.3 90.6 
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199 0.0 -2.6 -2.1 -1.6 
 
0.0 0.0 0.0 
 
99.3 112.4 92.2 
200 0.0 -2.5 -2.0 -1.5 
 
0.0 0.0 0.0 
 
101.8 114.5 93.7 
201 0.0 -2.3 -1.9 -1.4 
 
0.0 0.0 0.0 
 
104.1 116.4 95.1 
202 0.0 -2.2 -1.8 -1.3 
 
0.0 0.0 0.0 
 
106.3 118.3 96.4 
203 16.8 -2.0 5.3 -1.2 
 
0.0 0.0 0.0 
 
125.1 129.7 114.4 
204 0.0 -1.9 -1.7 -1.1 
 
0.0 0.0 0.0 
 
126.9 131.5 115.5 
205 0.0 -1.7 -1.6 -1.0 
 
0.0 0.0 0.0 
 
128.6 133.1 116.5 
206 0.0 -1.5 -1.5 -0.9 
 
0.0 0.0 0.0 
 
130.2 134.5 117.4 
207 0.0 -1.4 6.1 -0.8 
 
0.0 0.0 0.0 
 
131.6 128.4 118.2 
208 0.0 -1.2 -0.8 -0.7 
 
0.0 0.0 0.0 
 
132.8 129.2 118.9 
209 0.0 -1.1 -0.7 -0.6 
 
0.0 0.0 0.0 
 
133.9 130.0 119.5 
210 0.0 -0.9 -0.6 -0.5 
 
0.0 0.0 0.0 
 
134.8 130.6 120.0 
211 4.3 -0.8 -0.6 -0.5 
 
0.0 0.0 0.0 
 
139.9 135.5 124.8 
212 0.3 -0.7 -0.5 -0.4 
 
0.0 0.0 0.0 
 
140.8 136.2 125.4 
213 0.0 -0.6 -0.4 -0.3 
 
0.0 0.0 0.0 
 
141.4 136.6 125.7 
214 0.0 -0.2 -0.3 -0.2 
 
0.0 0.0 0.0 
 
141.5 136.9 126.0 
215 0.0 -0.6 -0.3 -0.2 
 
0.0 0.0 0.0 
 
142.1 137.2 126.2 
216 0.0 -0.5 -0.3 -0.1 
 
0.0 0.0 0.0 
 
142.6 137.5 126.3 
217 0.0 -0.4 -0.2 -0.1 
 
0.0 0.0 0.0 
 
143.0 137.7 126.3 
218 0.0 -0.3 -0.3 0.0 
 
0.0 0.0 0.0 
 
143.3 138.0 126.4 
219 1.5 -0.3 -0.3 0.1 
 
0.0 0.0 0.0 
 
145.1 139.8 127.8 
220 0.0 -0.2 -0.3 0.1 
 
0.0 0.0 0.0 
 
145.3 140.1 127.7 
221 0.0 -0.3 -0.4 0.2 
 
0.0 0.0 0.0 
 
145.6 140.5 127.5 
222 0.0 -0.3 -0.5 0.2 
 
0.0 0.0 0.0 
 
145.9 141.1 127.3 
223 51.8 24.7 31.9 2.2 
 
0.0 0.0 0.0 
 
173.0 160.9 176.9 
224 2.3 14.3 7.1 -0.1 
 
0.0 0.0 0.0 
 
161.0 156.1 179.4 
225 0.0 -4.0 -5.8 3.7 
 
0.0 0.0 0.0 
 
165.0 161.9 175.6 
226 0.0 -3.4 -3.5 0.4 
 
0.0 0.0 0.0 
 
168.4 165.4 175.3 
227 0.0 -2.9 -2.1 -0.1 
 
0.0 0.0 0.0 
 
171.3 167.5 175.3 
228 0.0 -2.5 -1.4 -0.2 
 
0.0 0.0 0.0 
 
173.8 168.9 175.5 
229 0.0 -2.1 -1.0 -0.1 
 
0.0 0.0 0.0 
 
176.0 170.0 175.6 
230 0.0 -1.8 -0.8 0.1 
 
0.0 0.0 0.0 
 
177.8 170.8 175.6 
231 0.0 -1.6 -0.7 0.2 
 
0.0 0.0 0.0 
 
179.4 171.4 175.3 
232 0.0 -1.4 -0.6 0.4 
 
0.0 0.0 0.0 
 
180.7 172.0 174.9 
233 0.0 -1.2 -0.5 0.5 
 
0.0 0.0 0.0 
 
182.0 172.5 174.4 
234 0.0 -1.1 -0.5 0.6 
 
0.0 0.0 0.0 
 
183.1 173.0 173.9 
235 0.0 -1.0 -0.5 0.6 
 
0.0 0.0 0.0 
 
184.1 173.4 173.3 
236 0.0 -1.0 -0.5 0.5 
 
0.0 0.0 0.0 
 
185.1 174.0 172.8 
237 0.0 -1.0 -0.6 0.4 
 
0.0 0.0 0.0 
 
186.2 174.6 172.3 
238 0.0 -1.0 -0.8 0.3 
 
0.0 0.0 0.0 
 
187.2 175.4 172.0 
239 0.0 -1.1 -1.0 0.2 
 
0.0 0.0 0.0 
 
188.3 176.4 171.7 
240 0.0 -1.2 -1.2 0.1 
 
0.0 0.0 0.0 
 
189.5 177.6 171.6 
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241 0.0 -1.3 -1.4 0.1 
 
0.0 0.0 0.0 
 
190.8 178.9 171.5 
242 0.0 -1.4 -1.5 0.0 
 
0.0 0.0 0.0 
 
192.2 180.4 171.5 
243 0.0 -1.6 -1.5 -1.4 
 
0.0 0.0 0.0 
 
193.7 182.0 172.9 
244 1.8 -1.7 -1.6 -1.1 
 
0.0 0.0 0.0 
 
197.2 185.3 175.7 
245 0.0 -1.9 -2.1 -0.9 
 
0.0 0.0 0.0 
 
199.1 187.5 176.6 
246 0.0 -1.8 -1.5 -0.7 
 
0.0 0.0 0.0 
 
201.0 188.9 177.3 
247 0.0 -0.7 -1.1 -0.4 
 
0.0 0.0 0.0 
 
201.6 190.0 177.7 
248 0.0 -0.7 -0.8 -0.2 
 
0.0 0.0 0.0 
 
202.3 190.9 177.9 
249 0.0 -0.7 -0.7 0.0 
 
0.0 0.0 0.0 
 
203.0 191.6 177.8 
250 0.0 -0.7 -0.7 0.2 
 
0.0 0.0 0.0 
 
203.7 192.2 177.6 
251 0.0 -0.7 -0.7 0.4 
 
0.0 0.0 0.0 
 
204.4 192.9 177.2 
252 0.0 -0.7 -0.8 0.5 
 
0.0 0.0 0.0 
 
205.1 193.7 176.8 
253 2.8 -0.7 -0.9 0.5 
 
0.0 0.0 0.0 
 
208.6 197.4 179.1 
254 5.6 -0.7 -1.1 -0.9 
 
0.0 0.0 0.0 
 
214.9 204.0 185.6 
255 0.0 -0.7 -1.2 -1.8 
 
0.0 0.0 0.0 
 
215.7 205.2 187.4 
 
 
Table A.2. Field Water Balance Components for 2014 (mm) 
Field Water Balance Components for 2014 (mm) 
DOY Precipitation 
Water Content Change  
 
Drainage 
 
Cumulative ET 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
156 0.0 -7.4 -4.7 -7.5 
 
2.1 0.8 1.5 
 
5.3 3.8 6.0 
157 0.0 -1.6 -1.2 -0.3 
 
2.1 0.8 1.5 
 
4.8 4.2 4.8 
158 10.2 0.4 5.7 4.0 
 
2.1 0.8 1.5 
 
12.4 7.8 9.5 
159 0.0 0.3 -4.5 -5.2 
 
2.1 0.8 1.5 
 
9.9 11.5 13.1 
160 0.0 -0.7 -3.0 -3.1 
 
0.8 0.2 1.5 
 
9.9 14.3 14.8 
161 0.0 -1.8 -2.2 -1.8 
 
0.8 0.2 1.5 
 
10.9 16.3 15.1 
162 0.0 -2.3 -1.8 -2.5 
 
0.8 0.2 1.5 
 
12.5 18.0 16.1 
163 0.0 -2.2 -1.8 -2.0 
 
0.2 0.0 1.1 
 
14.5 19.8 17.0 
164 0.0 -1.5 -1.8 -1.5 
 
0.2 0.0 1.1 
 
15.7 21.6 17.5 
165 0.0 -0.7 -1.8 -1.1 
 
0.2 0.0 1.1 
 
16.3 23.3 17.5 
166 0.0 -0.9 -1.5 -0.6 
 
0.2 0.0 1.1 
 
17.0 24.8 17.0 
167 0.3 -3.1 -0.8 -0.2 
 
5.1 2.3 4.1 
 
15.2 23.6 13.4 
168 32.3 -3.1 20.3 17.7 
 
5.1 2.3 4.1 
 
45.4 33.3 23.9 
169 0.8 -3.1 -3.0 -1.7 
 
5.1 2.3 4.1 
 
44.2 34.8 22.3 
170 35.8 38.8 15.1 28.3 
 
5.1 2.3 4.1 
 
36.0 53.2 25.8 
171 0.3 -14.9 -9.9 -20.1 
 
4.0 2.8 2.4 
 
47.1 60.5 43.8 
172 0.3 -5.3 -3.4 -3.7 
 
4.0 2.8 2.4 
 
48.7 61.4 45.4 
173 10.4 -0.3 4.0 4.1 
 
4.0 2.8 2.4 
 
55.4 65.0 49.2 
174 0.0 -1.4 -4.6 -6.0 
 
4.0 2.8 2.4 
 
52.8 66.8 52.9 
175 0.0 -5.7 -3.4 -3.7 
 
6.0 5.6 7.1 
 
52.4 64.6 49.6 
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176 0.0 -6.0 -2.2 -1.9 
 
6.0 5.6 7.1 
 
52.4 61.2 44.4 
177 48.5 42.2 31.9 39.3 
 
6.0 5.6 7.1 
 
52.6 72.2 46.6 
178 17.5 -9.5 -13.2 -11.5 
 
11.4 10.8 9.4 
 
68.2 92.2 66.2 
179 9.7 -0.7 4.7 -7.2 
 
11.4 10.8 9.4 
 
67.1 86.4 73.7 
180 5.1 -2.1 -7.0 -4.1 
 
11.4 10.8 9.4 
 
62.9 87.7 73.5 
181 29.7 8.8 10.0 19.5 
 
15.9 15.0 14.3 
 
67.9 92.4 69.4 
182 1.0 -17.9 -14.2 -24.3 
 
15.9 15.0 14.3 
 
70.9 92.6 80.4 
183 0.0 -7.1 -5.7 -9.8 
 
7.9 6.9 7.1 
 
70.1 91.4 83.1 
184 0.0 -7.0 -4.0 -2.2 
 
7.9 6.9 7.1 
 
69.2 88.5 78.3 
185 0.0 -7.3 -1.7 0.2 
 
7.9 6.9 7.1 
 
68.5 83.2 71.0 
186 52.1 29.3 16.8 22.9 
 
7.9 6.9 7.1 
 
83.3 111.5 93.2 
187 0.0 -9.2 -6.3 -12.6 
 
7.9 6.9 7.1 
 
84.6 111.0 98.7 
188 0.0 -8.5 -3.6 -3.8 
 
7.9 6.9 7.1 
 
85.1 107.6 95.4 
189 0.0 -7.2 -3.9 -3.9 
 
1.3 1.6 9.8 
 
90.9 109.9 89.6 
190 0.0 -7.3 -3.1 -4.7 
 
1.3 1.6 9.8 
 
96.9 111.5 84.5 
191 0.0 -6.0 -2.2 -2.9 
 
0.2 0.3 3.7 
 
102.7 113.3 83.7 
192 3.6 0.1 -1.4 -16.4 
 
0.2 0.3 3.7 
 
105.9 118.0 99.9 
193 9.9 12.5 8.0 26.2 
 
0.2 0.3 3.7 
 
103.1 119.6 79.9 
194 2.3 -5.9 -3.3 -4.9 
 
0.2 0.3 3.7 
 
111.1 124.9 83.4 
195 0.0 -5.3 -2.7 -4.0 
 
0.0 0.0 0.3 
 
116.4 127.5 87.2 
196 0.0 -4.7 -2.2 -4.2 
 
0.0 0.0 0.3 
 
121.1 129.7 91.1 
197 0.0 -4.1 -1.8 -3.4 
 
0.0 0.0 0.3 
 
125.2 131.5 94.2 
198 0.0 -3.6 -1.5 -2.7 
 
0.0 0.0 0.3 
 
128.8 133.0 96.6 
199 0.0 -3.1 -1.3 -2.2 
 
0.0 0.0 0.3 
 
131.9 134.3 98.5 
200 0.0 -2.7 -1.2 -2.1 
 
0.0 0.0 0.3 
 
134.6 135.5 100.3 
201 0.0 -2.2 -1.1 -2.4 
 
0.0 0.0 0.3 
 
136.8 136.6 102.3 
202 0.0 -1.9 -1.0 -3.0 
 
0.0 0.0 0.1 
 
138.7 137.6 105.3 
203 0.0 -1.5 -1.0 -3.9 
 
0.0 0.0 0.1 
 
140.2 138.6 109.1 
204 0.0 -1.2 -1.0 -4.8 
 
0.0 0.0 0.1 
 
141.4 139.5 113.8 
205 0.8 -1.0 -1.0 -5.5 
 
0.0 0.0 0.1 
 
143.1 141.2 120.0 
206 11.7 -0.7 -1.0 9.1 
 
0.0 0.0 0.1 
 
155.5 153.9 122.5 
207 0.0 -0.5 -0.9 -4.2 
 
0.0 0.0 0.1 
 
156.1 154.8 126.7 
208 0.3 -0.4 -0.9 -4.1 
 
0.0 0.0 0.1 
 
156.8 156.0 131.0 
209 3.8 -0.3 -0.9 -4.1 
 
0.0 0.0 0.1 
 
160.8 160.7 138.8 
210 0.3 0.7 -0.8 -4.0 
 
0.0 0.0 0.1 
 
160.4 161.8 142.9 
211 0.0 -0.5 -10.2 -1.4 
 
0.0 0.0 0.1 
 
160.9 172.0 144.3 
212 0.0 -0.5 -0.8 -1.5 
 
0.0 0.0 0.1 
 
161.4 172.8 145.7 
213 0.0 -0.5 -0.7 -2.5 
 
0.0 0.0 0.1 
 
161.8 173.5 148.2 
214 0.0 -0.5 -0.7 -2.0 
 
0.0 0.0 0.1 
 
162.3 174.2 150.1 
215 0.0 -0.5 -0.6 -1.4 
 
0.0 0.0 0.1 
 
162.8 174.8 151.4 
216 0.0 -0.5 -0.5 -0.7 
 
0.0 0.0 0.0 
 
163.3 175.4 152.1 
217 0.3 -0.6 -0.5 0.0 
 
0.0 0.0 0.0 
 
164.1 176.1 152.3 
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218 37.8 31.9 23.2 24.2 
 
0.0 0.0 0.0 
 
170.0 190.8 166.0 
219 1.8 -3.7 -2.2 1.9 
 
0.0 0.0 0.0 
 
175.5 194.7 165.8 
220 0.0 -1.1 -2.0 -4.1 
 
0.0 0.0 0.0 
 
176.6 196.7 169.9 
221 0.0 -1.0 -0.6 -6.7 
 
0.0 0.0 0.0 
 
177.6 197.3 176.6 
222 0.0 -2.0 -2.1 -4.0 
 
0.0 0.0 0.0 
 
179.6 199.4 180.6 
223 0.0 -2.9 -2.1 -1.9 
 
0.0 0.0 0.0 
 
182.5 201.5 182.5 
224 0.0 -3.1 -1.2 -1.6 
 
0.0 0.0 0.0 
 
185.6 202.7 184.0 
225 0.0 -2.5 -1.0 -1.2 
 
0.0 0.0 0.0 
 
188.1 203.7 185.3 
226 0.0 -1.3 -0.8 -0.9 
 
0.0 0.0 0.0 
 
189.5 204.6 186.1 
227 8.9 -0.1 -0.7 4.3 
 
0.0 0.0 0.0 
 
198.5 214.1 190.7 
228 0.0 -3.3 -0.5 -1.4 
 
0.0 0.0 0.0 
 
201.7 214.6 192.1 
229 0.0 1.3 -0.3 -1.1 
 
0.0 0.0 0.0 
 
200.4 214.8 193.2 
230 0.0 1.2 -0.1 -0.6 
 
0.0 0.0 0.0 
 
199.3 214.9 193.8 
231 0.0 0.7 0.1 -0.1 
 
0.0 0.0 0.0 
 
198.6 214.8 193.9 
232 7.6 0.1 0.3 0.4 
 
0.0 0.0 0.0 
 
206.1 222.1 201.1 
233 8.1 0.4 7.6 5.6 
 
0.0 0.0 0.0 
 
213.9 222.6 203.6 
234 4.6 2.6 2.8 3.2 
 
0.0 0.0 0.0 
 
215.8 224.4 205.0 
235 21.3 19.3 21.5 8.6 
 
0.0 0.0 0.0 
 
217.9 224.2 217.7 
236 0.0 0.2 -4.0 -4.0 
 
0.0 0.0 0.0 
 
217.7 228.2 221.6 
237 0.0 -1.7 -4.4 -2.8 
 
0.0 0.0 0.0 
 
219.4 232.6 224.4 
238 14.0 5.6 7.8 0.1 
 
0.0 0.0 0.0 
 
227.8 238.7 238.2 
239 0.3 -3.0 -3.5 -2.4 
 
0.0 0.0 0.0 
 
231.1 242.5 240.8 
240 25.9 16.8 17.8 23.5 
 
0.0 0.0 0.0 
 
240.2 250.6 243.2 
241 8.6 -6.2 -7.4 19.1 
 
3.6 6.2 3.1 
 
251.5 260.4 229.6 
242 0.5 -4.4 -5.8 -2.7 
 
3.6 6.2 3.1 
 
252.9 260.6 229.6 
243 56.4 21.2 17.2 14.7 
 
3.6 6.2 3.1 
 
284.5 293.6 268.1 
244 0.3 -17.2 -15.3 -9.3 
 
3.6 6.2 3.1 
 
298.4 302.9 274.5 
245 0.0 -4.2 -6.2 -5.0 
 
3.6 6.2 3.1 
 
299.0 302.9 276.4 
246 0.0 -1.8 -3.7 -2.8 
 
1.4 2.0 1.5 
 
299.4 304.6 277.6 
247 0.0 0.4 -1.6 -1.7 
 
1.4 2.0 1.5 
 
297.6 304.2 277.8 
248 8.1 0.4 -0.4 3.2 
 
1.4 2.0 1.5 
 
303.9 310.7 281.1 
249 0.3 -1.9 -2.5 -3.2 
 
1.4 2.0 1.5 
 
304.7 311.4 283.1 
250 0.0 -3.2 -4.1 -3.2 
 
1.4 2.0 1.5 
 
306.6 313.5 284.7 
251 4.1 -0.2 -0.6 1.6 
 
1.4 2.0 1.5 
 
309.5 316.2 285.6 
252 35.3 31.4 40.5 24.0 
 
1.4 2.0 1.5 
 
312.0 309.0 295.4 
253 4.3 -24.0 -23.7 -12.2 
 
4.9 5.6 5.4 
 
335.4 331.4 306.5 
254 0.0 -5.3 -5.6 -7.6 
 
4.9 5.6 5.4 
 
335.8 331.4 308.7 
255 7.6 1.0 2.5 2.5 
 
1.6 2.0 1.7 
 
340.8 334.5 312.2 
256 0.3 -3.9 -3.8 -5.9 
 
1.6 2.0 1.7 
 
343.4 336.6 316.7 
257 0.0 -1.4 -3.4 -2.8 
 
1.6 2.0 1.7 
 
343.2 338.0 317.9 
258 0.0 -1.3 -3.0 -1.8 
 
1.6 2.0 1.7 
 
342.9 339.0 318.0 
259 0.0 -1.5 -2.6 -1.5 
 
0.4 0.4 1.5 
 
343.9 341.2 318.1 
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260 0.0 -0.9 -2.2 -0.6 
 
0.4 0.4 1.5 
 
344.4 343.0 317.3 
261 0.0 0.1 -1.8 0.6 
 
0.4 0.4 1.5 
 
344.0 344.4 315.2 
262 0.0 0.1 -1.4 0.5 
 
0.1 0.0 0.5 
 
343.7 345.7 314.2 
263 8.6 8.5 5.2 6.5 
 
0.1 0.0 0.5 
 
343.6 349.1 315.8 
264 0.0 -4.0 -2.7 -3.5 
 
0.1 0.0 0.5 
 
347.5 351.8 318.7 
265 0.0 -2.6 -1.9 -2.1 
 
0.1 0.0 0.5 
 
349.9 353.6 320.4 
266 0.0 -1.2 -1.6 -0.8 
 
0.1 0.0 0.5 
 
351.0 355.2 320.6 
267 18.8 10.7 16.5 12.1 
 
1.1 0.5 0.8 
 
357.9 357.0 326.6 
268 0.0 -2.5 -2.8 -3.4 
 
1.1 0.5 0.8 
 
359.3 359.4 329.2 
269 0.0 -0.3 -1.8 -0.7 
 
1.1 0.5 0.8 
 
358.5 360.7 329.2 
270 2.5 -0.4 -1.8 -0.1 
 
1.1 0.5 0.8 
 
360.3 364.5 331.1 
271 0.0 -1.1 -1.4 -1.3 
 
1.1 0.5 0.8 
 
360.2 365.5 331.6 
272 0.0 -1.8 -1.3 -1.8 
 
2.4 1.8 2.0 
 
359.6 365.0 331.4 
273 2.3 -2.4 -0.9 0.2 
 
2.4 1.8 2.0 
 
361.8 366.4 331.5 
274 24.4 11.7 17.9 13.6 
 
2.4 1.8 2.0 
 
372.1 371.0 340.3 
275 2.5 -5.4 -4.7 -5.9 
 
1.8 1.8 1.9 
 
378.2 376.5 346.8 
276 0.0 -4.4 -4.2 -8.9 
 
1.8 1.8 1.9 
 
380.8 378.9 353.8 
277 0.0 -3.4 -3.7 -6.0 
 
1.8 1.8 1.9 
 
382.4 380.9 357.8 
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APPENDIX B. REFERENCE ET, WATER BALANCE ET AND CHAMBER ET 
 
Table B.1. Summary of ET Results of Three Methods for 2013 (mm) 
Summary of ET for 2013 (mm) 
DOY RE 
Cumulative Field Water Balance ET 
 
Cumulative Chamber ET 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
164 6.8 -1.2 1.9 -1.2 
 
0.9 2.6 1.4 
165 8.2 5.6 6.0 9.5 
 
1.8 5.2 2.6 
166 10.7 13.5 12.5 18.3 
 
2.7 7.8 3.7 
167 17.9 13.0 14.3 17.4 
 
3.6 10.3 4.8 
168 25.0 13.3 16.2 16.9 
 
4.4 12.7 5.7 
169 31.8 13.8 17.8 13.7 
 
5.3 14.7 6.6 
170 38.6 13.6 19.2 13.8 
 
6.1 16.3 7.6 
171 45.6 13.5 20.8 14.1 
 
7.2 18.0 8.7 
172 48.8 13.7 24.6 15.4 
 
8.4 19.8 9.8 
173 54.9 13.3 27.6 16.0 
 
9.9 21.8 10.9 
174 57.7 17.3 33.3 20.6 
 
11.5 24.0 12.1 
175 59.6 25.3 30.6 30.5 
 
13.4 26.3 13.4 
176 64.4 32.0 32.9 35.9 
 
15.5 28.7 14.7 
177 71.0 35.6 38.5 41.3 
 
17.7 31.3 16.1 
178 74.4 37.8 42.5 47.5 
 
20.2 34.0 17.6 
179 81.9 39.8 46.1 50.2 
 
22.8 36.8 19.1 
180 86.5 44.0 51.9 55.2 
 
25.4 39.5 20.5 
181 93.0 45.8 55.3 57.8 
 
27.9 41.9 21.9 
182 100.1 47.5 58.9 60.3 
 
30.4 44.0 23.3 
183 106.5 49.0 62.5 61.4 
 
32.8 45.9 24.6 
184 112.8 50.5 66.0 62.0 
 
35.1 47.6 25.9 
185 119.4 52.1 69.4 62.9 
 
37.3 49.4 27.3 
186 126.6 43.0 72.7 64.1 
 
39.5 51.3 28.9 
187 133.9 46.9 75.9 65.5 
 
41.6 53.2 30.8 
188 140.1 53.0 81.1 69.1 
 
43.6 55.3 32.8 
189 143.8 57.2 84.1 70.9 
 
45.6 57.4 34.9 
190 149.2 62.9 88.6 74.2 
 
47.5 59.6 37.3 
191 156.6 74.1 91.4 76.1 
 
49.4 61.8 39.9 
192 164.0 77.3 94.2 78.0 
 
51.4 64.0 42.4 
193 171.3 80.5 96.8 80.0 
 
53.5 66.1 44.8 
194 174.0 83.6 99.4 81.9 
 
55.7 68.2 47.1 
195 181.4 86.7 101.9 83.8 
 
57.8 70.2 49.3 
196 187.2 89.6 104.3 85.6 
 
60.0 72.1 51.4 
197 192.9 92.4 106.6 87.4 
 
62.1 74.0 53.5 
198 199.6 96.7 110.3 90.6 
 
64.2 75.9 55.4 
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199 206.7 99.3 112.4 92.2 
 
66.7 77.4 57.6 
200 212.7 101.8 114.5 93.7 
 
69.3 79.0 59.9 
201 219.7 104.1 116.4 95.1 
 
72.1 80.8 62.2 
202 224.4 106.3 118.3 96.4 
 
75.0 82.6 64.5 
203 231.5 125.1 129.7 114.4 
 
78.0 84.7 67.0 
204 235.8 126.9 131.5 115.5 
 
81.2 86.9 69.5 
205 241.9 128.6 133.1 116.5 
 
84.6 89.2 72.0 
206 247.7 130.2 134.5 117.4 
 
87.8 91.6 74.7 
207 254.2 131.6 128.4 118.2 
  
94.2 77.4 
208 259.8 132.8 129.2 118.9 
  
96.9 80.1 
209 266.2 133.9 130.0 119.5 
  
99.8 82.9 
210 269.1 134.8 130.6 120.0 
  
102.8 85.8 
211 269.5 139.9 135.5 124.8 
  
105.9 88.7 
212 274.4 140.8 136.2 125.4 
  
109.2 91.7 
213 280.6 141.4 136.6 125.7 
  
112.7 94.8 
214 283.8 141.5 136.9 126.0 
  
115.8 97.7 
215 289.1 142.1 137.2 126.2 
  
118.8 100.6 
216 294.9 142.6 137.5 126.3 
  
121.5 103.2 
217 298.3 143.0 137.7 126.3 
  
124.0 105.8 
218 304.1 143.3 138.0 126.4 
  
126.2 108.2 
219 310.4 145.1 139.8 127.8 
  
128.2 110.5 
220 315.2 145.3 140.1 127.7 
  
130.4 113.1 
221 320.0 145.6 140.5 127.5 
  
132.7 116.0 
222 325.4 145.9 141.1 127.3 
  
135.2 119.1 
223 329.9 173.0 160.9 176.9 
  
137.8 122.5 
224 335.4 161.0 156.1 179.4 
  
140.7 126.1 
225 340.4 165.0 161.9 175.6 
  
143.7 130.0 
226 345.7 168.4 165.4 175.3 
  
147.0 134.1 
227 349.5 171.3 167.5 175.3 
  
150.2 138.1 
228 355.2 173.8 168.9 175.5 
  
153.3 142.0 
229 360.6 176.0 170.0 175.6 
  
156.2 145.8 
230 366.0 177.8 170.8 175.6 
  
159.1 149.4 
231 370.5 179.4 171.4 175.3 
  
161.8 152.9 
232 376.0 180.7 172.0 174.9 
  
164.3 156.3 
233 380.4 182.0 172.5 174.4 
  
166.8 159.5 
234 383.9 183.1 173.0 173.9 
  
169.1 162.7 
235 388.7 184.1 173.4 173.3 
  
171.2 165.7 
236 392.3 185.1 174.0 172.8 
  
173.5 168.9 
237 398.1 186.2 174.6 172.3 
  
175.9 172.4 
238 404.1 187.2 175.4 172.0 
  
178.3 176.1 
239 410.1 188.3 176.4 171.7 
  
180.9 180.1 
240 416.0 189.5 177.6 171.6 
  
183.6 184.3 
 49 
241 421.7 190.8 178.9 171.5 
  
186.3 188.7 
242 427.6 192.2 180.4 171.5 
  
189.1 193.0 
243 433.2 193.7 182.0 172.9 
  
191.8 197.2 
244 438.8 197.2 185.3 175.7 
  
194.5 201.3 
245 444.5 199.1 187.5 176.6 
  
197.3 205.3 
246 449.9 201.0 188.9 177.3 
  
200.0 209.1 
247 455.0 201.6 190.0 177.7 
  
202.8 212.9 
248 459.8 202.3 190.9 177.9 
  
205.5 216.5 
249 465.2 203.0 191.6 177.8 
  
208.2 220.0 
250 467.8 203.7 192.2 177.6 
  
210.9 223.4 
251 470.7 204.4 192.9 177.2 
  
213.7 226.7 
252 476.1 205.1 193.7 176.8 
  
216.4 229.9 
253 481.4 208.6 197.4 179.1 
  
219.1 232.9 
254 484.7 214.9 204.0 185.6 
  
221.8 235.8 
255 489.9 215.7 205.2 187.4 
  
224.5 238.7 
 
 
Table B.2. Summary of ET Results of Three Methods for 2014 (mm) 
Summary of ET for 2014 (mm) 
DOY RE 
Cumulative Field Water Balance ET 
 
Cumulative Chamber ET 
Corn Prairie Soybean 
 
Corn Prairie Soybean 
156 3.8 5.3 3.8 6.0 
 
0.9 2.3 0.7 
157 10.0 4.8 4.2 4.8 
 
1.8 4.6 1.4 
158 10.9 12.4 7.8 9.5 
 
2.8 7.1 2.1 
159 16.2 9.9 11.5 13.1 
 
3.8 9.6 2.9 
160 19.2 9.9 14.3 14.8 
 
4.8 12.2 3.6 
161 23.4 10.9 16.3 15.1 
 
5.9 15.0 4.4 
162 30.3 12.5 18.0 16.1 
 
7.0 17.8 5.1 
163 36.5 14.5 19.8 17.0 
 
8.1 20.8 5.9 
164 42.9 15.7 21.6 17.5 
 
9.2 23.8 6.7 
165 48.1 16.3 23.3 17.5 
 
10.7 27.0 7.8 
166 53.3 17.0 24.8 17.0 
 
12.7 30.4 9.2 
167 56.6 15.2 23.6 13.4 
 
15.1 34.1 11.0 
168 61.3 45.4 33.3 23.9 
 
17.8 37.9 13.0 
169 66.8 44.2 34.8 22.3 
 
21.0 41.9 15.5 
170 68.0 36.0 53.2 25.8 
 
24.6 46.2 18.2 
171 75.2 47.1 60.5 43.8 
 
28.6 50.6 21.3 
172 81.6 48.7 61.4 45.4 
 
32.5 54.9 24.3 
173 83.4 55.4 65.0 49.2 
 
36.4 59.0 27.1 
174 87.3 52.8 66.8 52.9 
 
40.3 62.8 29.9 
175 92.6 52.4 64.6 49.6 
 
44.1 66.5 32.6 
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176 98.9 52.4 61.2 44.4 
 
47.9 70.0 35.1 
177 101.2 52.6 72.2 46.6 
 
51.6 73.3 37.6 
178 102.6 68.2 92.2 66.2 
 
55.3 76.5 40.0 
179 106.0 67.1 86.4 73.7 
 
58.9 79.4 42.2 
180 108.6 62.9 87.7 73.5 
 
62.5 82.2 44.4 
181 109.0 67.9 92.4 69.4 
 
66.1 84.7 46.5 
182 113.2 70.9 92.6 80.4 
 
69.6 87.1 48.4 
183 115.4 70.1 91.4 83.1 
 
73.1 89.7 50.5 
184 122.1 69.2 88.5 78.3 
 
76.5 92.6 52.7 
185 128.6 68.5 83.2 71.0 
 
79.9 95.6 55.1 
186 131.7 83.3 111.5 93.2 
 
83.2 99.0 57.6 
187 136.7 84.6 111.0 98.7 
 
86.5 102.5 60.2 
188 142.2 85.1 107.6 95.4 
 
89.7 106.3 63.0 
189 148.5 90.9 109.9 89.6 
 
92.9 110.3 65.9 
190 154.6 96.9 111.5 84.5 
 
96.1 114.6 68.9 
191 161.1 102.7 113.3 83.7 
 
99.2 118.7 71.8 
192 161.8 105.9 118.0 99.9 
 
102.2 122.6 74.6 
193 164.6 103.1 119.6 79.9 
 
105.2 126.3 77.3 
194 169.9 111.1 124.9 83.4 
 
108.2 129.9 79.9 
195 175.8 116.4 127.5 87.2 
 
111.1 133.2 82.3 
196 180.7 121.1 129.7 91.1 
 
113.9 136.4 84.7 
197 187.0 125.2 131.5 94.2 
 
116.7 139.4 87.0 
198 193.8 128.8 133.0 96.6 
 
119.5 142.2 89.1 
199 199.0 131.9 134.3 98.5 
 
122.2 144.9 91.1 
200 204.8 134.6 135.5 100.3 
 
125.0 147.6 93.4 
201 211.4 136.8 136.6 102.3 
 
127.9 150.3 95.8 
202 217.2 138.7 137.6 105.3 
 
130.8 153.1 98.4 
203 221.8 140.2 138.6 109.1 
 
133.9 155.9 101.2 
204 228.5 141.4 139.5 113.8 
 
137.1 158.8 104.3 
205 232.0 143.1 141.2 120.0 
 
140.2 161.7 107.3 
206 236.4 155.5 153.9 122.5 
 
143.3 164.5 110.4 
207 240.2 156.1 154.8 126.7 
 
146.3 167.3 113.6 
208 246.1 156.8 156.0 131.0 
 
149.4 170.1 116.8 
209 250.3 160.8 160.7 138.8 
 
152.3 172.8 120.1 
210 255.9 160.4 161.8 142.9 
 
155.3 175.5 123.4 
211 262.1 160.9 172.0 144.3 
 
158.2 178.2 126.8 
212 268.0 161.4 172.8 145.7 
 
161.0 180.8 130.2 
213 274.6 161.8 173.5 148.2 
 
163.9 183.5 133.7 
214 281.1 162.3 174.2 150.1 
 
167.0 186.1 137.3 
215 287.8 162.8 174.8 151.4 
 
170.1 188.8 141.0 
216 293.3 163.3 175.4 152.1 
 
173.3 191.4 144.8 
217 296.1 164.1 176.1 152.3 
 
176.5 194.1 148.7 
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218 296.5 170.0 190.8 166.0 
 
179.9 196.7 152.7 
219 297.0 175.5 194.7 165.8 
 
183.3 199.4 156.7 
220 301.1 176.6 196.7 169.9 
 
186.8 202.1 160.8 
221 305.4 177.6 197.3 176.6 
 
190.4 204.7 165.1 
222 308.2 179.6 199.4 180.6 
 
194.1 207.4 169.4 
223 313.7 182.5 201.5 182.5 
 
197.9 210.1 173.8 
224 319.7 185.6 202.7 184.0 
 
201.7 212.8 178.3 
225 326.0 188.1 203.7 185.3 
 
205.6 215.5 182.9 
226 330.9 189.5 204.6 186.1 
 
209.7 218.2 187.5 
227 331.4 198.5 214.1 190.7 
 
213.7 221.0 192.0 
228 333.8 201.7 214.6 192.1 
 
217.9 223.9 196.6 
229 340.2 200.4 214.8 193.2 
 
222.2 226.8 201.1 
230 346.3 199.3 214.9 193.8 
 
226.5 229.8 205.6 
231 352.4 198.6 214.8 193.9 
 
231.2 232.8 210.1 
232 353.3 206.1 222.1 201.1 
 
236.1 235.8 214.6 
233 357.1 213.9 222.6 203.6 
 
241.3 238.9 219.1 
234 360.8 215.8 224.4 205.0 
 
246.9 242.1 223.6 
235 364.0 217.9 224.2 217.7 
 
252.7 245.3 228.1 
236 370.2 217.7 228.2 221.6 
 
258.8 248.6 232.5 
237 376.2 219.4 232.6 224.4 
 
264.8 251.9 236.9 
238 379.8 227.8 238.7 238.2 
 
270.6 255.1 241.1 
239 381.5 231.1 242.5 240.8 
 
276.4 258.3 245.2 
240 383.1 240.2 250.6 243.2 
 
282.0 261.6 249.2 
241 386.3 251.5 260.4 229.6 
 
287.4 264.8 253.1 
242 390.2 252.9 260.6 229.6 
 
292.7 267.9 256.9 
243 393.6 284.5 293.6 268.1 
 
297.9 271.1 260.6 
244 397.7 298.4 302.9 274.5 
 
303.0 274.3 264.1 
245 403.3 299.0 302.9 276.4 
 
307.9 277.4 267.6 
246 408.6 299.4 304.6 277.6 
 
312.6 280.6 270.9 
247 414.3 297.6 304.2 277.8 
 
317.3 283.7 274.1 
248 415.5 303.9 310.7 281.1 
 
321.7 286.8 277.3 
249 420.9 304.7 311.4 283.1 
 
326.0 289.9 280.3 
250 426.4 306.6 313.5 284.7 
 
330.1 292.8 283.1 
251 427.1 309.5 316.2 285.6 
 
334.0 295.7 285.8 
252 428.3 312.0 309.0 295.4 
 
337.6 298.5 288.3 
253 429.6 335.4 331.4 306.5 
 
341.1 301.3 290.6 
254 430.7 335.8 331.4 308.7 
 
344.4 303.9 292.8 
255 431.6 340.8 334.5 312.2 
 
347.5 306.4 294.8 
256 436.2 343.4 336.6 316.7 
 
350.4 308.8 296.6 
257 440.0 343.2 338.0 317.9 
 
353.2 311.1 298.4 
258 441.8 342.9 339.0 318.0 
 
355.7 313.4 300.1 
259 446.4 343.9 341.2 318.1 
 
358.0 315.6 301.7 
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260 450.0 344.4 343.0 317.3 
 
360.2 317.6 303.4 
261 454.6 344.0 344.4 315.2 
 
362.1 319.6 304.9 
262 458.8 343.7 345.7 314.2 
  
321.6 306.5 
263 462.5 343.6 349.1 315.8 
  
323.4 307.9 
264 466.0 347.5 351.8 318.7 
  
325.1 309.4 
265 470.6 349.9 353.6 320.4 
  
326.8 310.7 
266 473.0 351.0 355.2 320.6 
  
328.4 312.1 
267 474.2 357.9 357.0 326.6 
  
329.9 313.3 
268 477.7 359.3 359.4 329.2 
  
331.3 314.6 
269 481.9 358.5 360.7 329.2 
  
332.6 315.7 
270 485.4 360.3 364.5 331.1 
  
333.9 316.9 
271 489.8 360.2 365.5 331.6 
  
335.0 317.9 
272 492.7 359.6 365.0 331.4 
  
336.1 318.9 
273 494.5 361.8 366.4 331.5 
  
337.1 319.9 
274 495.3 372.1 371.0 340.3 
  
338.0 320.8 
275 495.3 378.2 376.5 346.8 
  
338.9 321.7 
276 495.9 380.8 378.9 353.8 
  
339.6 322.5 
277 499.0 382.4 380.9 357.8 
  
340.3 323.3 
 
 53 
APPENDIX C. CHAMBER ET AND FLUX TOWER ET 
 
Table C.1. Summary of Results of ET for Chamber Method and Flux Tower Method  
Cumulative ET (mm) 
DOY 
 
2013 
 
2014 
Chamber Flux Tower  Chamber Flux Tower 
156 
 
- - 
 
0.7 2.3 
157 
 
- - 
 
1.4 4.2 
158 
 
- - 
 
2.1 5.5 
159 
 
- - 
 
2.9 8.7 
160 
 
- - 
 
3.6 9.8 
161 
 
- - 
 
4.4 10.9 
162 
 
- - 
 
5.1 12.6 
163 
 
- - 
 
5.9 14.1 
164 
 
1.4 2.5 
 
6.7 15.7 
165 
 
2.6 3.2 
 
7.8 17.1 
166 
 
3.7 5.5 
 
9.2 18.8 
167 
 
4.8 9.3 
 
11.0 20.1 
168 
 
5.7 12.5 
 
13.0 24.3 
169 
 
6.6 14.6 
 
15.5 27.4 
170 
 
7.6 17.5 
 
18.2 29.8 
171 
 
8.7 18.7 
 
21.3 35.2 
172 
 
9.8 19.3 
 
24.3 39.1 
173 
 
10.9 20.3 
 
27.1 39.5 
174 
 
12.1 22.5 
 
29.9 42.6 
175 
 
13.4 25.0 
 
32.6 46.5 
176 
 
14.7 28.2 
 
35.1 50.2 
177 
 
16.1 31.8 
 
37.6 52.5 
178 
 
17.6 33.7 
 
40.0 54.6 
179 
 
19.1 35.6 
 
42.2 57.8 
180 
 
20.5 37.7 
 
44.4 60.5 
181 
 
21.9 39.2 
 
46.5 61.3 
182 
 
23.3 40.7 
 
48.4 66.2 
183 
 
24.6 42.1 
 
50.5 68.7 
184 
 
25.9 42.9 
 
52.7 72.8 
185 
 
27.3 44.3 
 
55.1 76.2 
186 
 
28.9 45.6 
 
57.6 77.7 
187 
 
30.8 46.9 
 
60.2 81.2 
188 
 
32.8 48.5 
 
63.0 84.9 
189 
 
34.9 49.9 
 
65.9 88.9 
190 
 
37.3 52.0 
 
68.9 92.4 
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191 
 
39.9 54.0 
 
71.8 95.5 
192 
 
42.4 55.1 
 
74.6 96.6 
193 
 
44.8 56.2 
 
77.3 98.7 
194 
 
47.1 56.8 
 
79.9 103.0 
195 
 
49.3 57.9 
 
82.3 107.5 
196 
 
51.4 58.8 
 
84.7 110.5 
197 
 
53.5 60.7 
 
87.0 113.8 
198 
 
55.4 63.1 
 
89.1 117.1 
199 
 
57.6 65.7 
 
91.1 120.0 
200 
 
59.9 67.7 
 
93.4 123.2 
201 
 
62.2 69.8 
 
95.8 126.6 
202 
 
64.5 71.5 
 
98.4 129.8 
203 
 
67.0 73.7 
 
101.2 133.4 
204 
 
69.5 77.2 
 
104.3 136.6 
205 
 
72.0 80.9 
 
107.3 138.9 
206 
 
74.7 83.8 
 
110.4 142.2 
207 
 
77.4 86.5 
 
113.6 144.4 
208 
 
80.1 88.7 
 
116.8 149.3 
209 
 
82.9 90.8 
 
120.1 152.5 
210 
 
85.8 92.1 
 
123.4 157.0 
211 
 
88.7 92.6 
 
126.8 161.5 
212 
 
91.7 95.3 
 
130.2 165.6 
213 
 
94.8 98.2 
 
133.7 168.9 
214 
 
97.7 100.0 
 
137.3 172.3 
215 
 
100.6 102.5 
 
141.0 175.9 
216 
 
103.2 104.9 
 
144.8 179.2 
217 
 
105.8 106.9 
 
148.7 181.0 
218 
 
108.2 109.8 
 
152.7 180.3 
219 
 
110.5 112.1 
 
156.7 181.1 
220 
 
113.1 114.4 
 
160.8 183.6 
221 
 
116.0 116.5 
 
165.1 186.4 
222 
 
119.1 119.3 
 
169.4 188.2 
223 
 
122.5 121.5 
 
173.8 193.4 
224 
 
126.1 125.8 
 
178.3 198.5 
225 
 
130.0 128.9 
 
182.9 203.2 
226 
 
134.1 132.3 
 
187.5 206.3 
227 
 
138.1 134.9 
 
192.0 205.7 
228 
 
142.0 137.7 
 
196.6 207.1 
229 
 
145.8 140.9 
 
201.1 210.7 
230 
 
149.4 144.1 
 
205.6 215.3 
231 
 
152.9 146.9 
 
210.1 220.0 
232 
 
156.3 150.6 
 
214.6 220.9 
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233 
 
159.5 154.2 
 
219.1 224.3 
234 
 
162.7 156.9 
 
223.6 227.2 
235 
 
165.7 159.6 
 
228.1 229.7 
236 
 
168.9 162.2 
 
232.5 234.5 
237 
 
172.4 166.5 
 
236.9 238.9 
238 
 
176.1 171.2 
 
241.1 242.8 
239 
 
180.1 176.1 
 
245.2 244.2 
240 
 
184.3 180.3 
 
249.2 246.3 
241 
 
188.7 184.2 
 
253.1 248.5 
242 
 
193.0 188.6 
 
256.9 251.8 
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Figure C.1 The cumulative chamber measured ET and cumulative flux tower measured ET for 
2013 measuring periods for soybean. The chamber measurements were taken in COBS site and 
the flux tower measurements were taken in Brooks field site. 
 
Figure C.2 The cumulative chamber measured ET and cumulative flux tower measured ET for 
2014 measuring periods for soybean. The chamber measurements were taken in COBS site and 
the flux tower measurements were taken in Brooks field site. 
 57 
ACKNOWLEDGMENTS 
 
I express the deepest appreciation to my major advisor, Dr. Robert Horton. 
I thank Dr. Robert Horton for the opportunity that supported me to obtain a Master of 
Science degree. His guidance, knowledge, encouragement and patience gave me both technical 
and emotional support to finish this thesis.  
I thank my committee member, Dr. Thomas Sauer for his help in building the canopy 
chambers, and other instructive ideas. I would also like to thank my committee member, Dr. 
Matthew Helmers for his help to collect drainage data. 
I thank my teammate, Zhuangji Wang, for his help on this work during the two years of ET 
measurements and data analysis.  
I thank Forrest Goodman, Kevin Jensen, Jackson Griffith, Matthew Coyle, Tyler Hoose and 
Vilma Mateos for their technical and labor support. 
 I thank my colleagues in Agronomy, Dr. Robert Ewing, Yuki Kojima, Benjamin Carr, 
Aaron Daigh, Sitha Ketpratoom, and all my friends, Shengting Li, Li Cheng, Hao Li and Siyao 
Li who helped me during the field measurements. 
Lastly, I thank my parents, Jianzi Luo and Xia He, for their selfless support, encouragement 
and love. 
 
 
 
 
 
 
 
 
